Megasonic agitation is used to improve the uniformity of the LIGA 1 development process. To investigate the acoustic wave fields induced by megasonic agitation, we compute wave fields for a development tank containing a submerged wafer and for a typical trench-like feature on the wafer face. This separate treatment of these two problems is advantageous, because the length scales of the tank and the feature differ by three to four orders of magnitude.
A spectral method based on Green's functions is used to construct the acoustic wave field, avoiding the alternative of solving partial differential equations over the entire domain. The total acoustic wave field is obtained by superposing of the primary wave field and the first reflected wave field, which are computed in sequence without any need for iterations. The wafer interference to the wave field is treated directly by a priori recognition of shadow regions in the primary field and a concept of boundary of dependence in the reflected field.
Unlike a divergent wave field produced by ultrasonic agitation, results show that the wave field in the tank becomes narrowly focused at megasonic frequencies such that the most effective agitation is confined in a region directly above the acoustic source; this numerical expectation has been verified analytically and further confirmed experimentally by Sandia's LIGA Group. [13] The amplitude of the focused wave pressure is proportional to square root of the wave frequency. The wave pattern in a feature cavity also depends strongly on the orientation of the wafer and the aspect ratio of the cavity.
It is concluded that the LIGA development process will be greatly accelerated, if the orientation and the location of the immersed wafer is arranged so that the wafer spends more time in the focused wave field of high frequency agitation. 
INTRODUCTION
In LIGA resist development, a wafer pre-exposed through a patterned mask is placed in a liquid chemical developer bath to dissolve the exposed regions. The resulting nonconducting mold is then filled by electrodeposition to produce metal microstructures.
The features of these structures typically have lateral dimensions on the order of 10−1000 microns, and the aspect ratio of feature depth to feature width can be as high as 100.
Thus, transport of dissolved polymer fragments from the feature bottoms often controls the rate of development. Slender feature cavities generally require long development times, because the fluid inside these cavities is almost stagnant, [1] while the large bettercirculated feature cavities require much shorter times. Therefore, while a narrow cavity still remains underdeveloped, a wide cavity may often be overdeveloped causing unwanted sidewall taper in regions under the exposure mask and undercutting at the bottom corners in regions subjected to substrate emission (see Figure 1) . A slender post with wide cavities on both sides may even be detached from the substrate by undercutting. Thus, the process not only is very slow but also may lead to unacceptable uniformity, even with the help of stirring or low frequency agitation of the bulk fluid.
High-frequency acoustic agitation, or megasonic agitation, whose frequency ranges from about 0.7 to 2 MHz, is known to enhance the development process. To produce the high-frequency acoustic waves, a series of transducers are installed at the bottom of the development tank with each transducer strip being activated in sequence. The width of each strip is much smaller than that of the tank.
Megasonic waves, generated by the transducers propagate upward, oscillate the fluid and accelerate the development process. Previous studies of acoustic agitation in LIGA development and other lithographic applications show that agitation can achieve a more stable development process, enhance development uniformity, increase the development resist substrate Expected after development Underdeveloped Overdeveloped Figure 1 . Over-and Under-Development rate, shorten the development time, increase the effective sensitivity, and lower the effective exposure energy. [2] [3] [4] [5] The Sandia LIGA group currently uses a PCT Megasonic Cleaning Tank [6] to do their LIGA development. The high-frequency waves with high acoustic energy (10-30 W/cm 2 ) not only enhances fluid transport into slender feature cavities, but may also increase surface dissolution kinetics, increase surface activities, improve wetting efficiency (reduce surface tension), and prevent the formation of large bubbles that could damage resist fragile features. [6] Figure 2 shows the sketch of a preexposed wafer immersed in the liquid developer tank equipped with acoustic agitation transducers.
To understand how acoustic waves Spectral, or Green's function, methods are often used to solve wave problems. The great advantage of this approach is that the solution is constructed by integration of Green's Identity over the boundary elements. There is no need to solve the partial differential matrices as in FEM and BEM methods. In addition, a much finer grid and higher resolution can be achieved than in finite element or boundary integral methods. For example, the commercial software package, SYSNOISE, [7] is only able to compute largescale wave problems for wave frequencies up to 300 kHz, much smaller than megasonic, while we can easily reach 1 MHz waves without losing accuracy.
The total acoustic wave field is obtained by superposition of the primary wave field and the first reflected wave field, which are computed in sequence following a method used by German authors S, Dahnke and F. J. Keil, [8] to treate a three-dimensional tank.
Although their analysis included the formation of acoustic bubbles, there was no wafer within the tank. However, a challenging aspect of the present work is to treat the interference of the wafer with the primary and the reflected wave fields. We have tried several approaches such as iteration between waves in a tank without a wafer and a wafer in an infinite wave field, and iteration between two regions in the tank divided by the wafer, but neither of these was successful. Finally, we developed a new direct approach using a priori knowledge of shadow region in the primary wave field and the boundary of dependence in the reflected wave field to treat wave interactions with the wafer, avoiding any iteration.
In the following sections, we present the boundary value problem of acoustic waves, the spectral method for solving wave problems, the decomposition into primary and secondary wave fields, the concepts of shadow regions and boundaries of dependence, and examples of tank-scale and feature-scale solutions.
BOUNDARY VALUE PROBLEM OF ACOUSTIC WAVES
The hyperbolic partial differential wave equation term that is proportional to the reduced potential function and the wave frequency. In addition, the expression for the wave speed, c 0 2 = (dp/dρ) s (where s is entropy), becomes applied at the surface of a transducer strip, and a constant total pressure or zero wave pressure, that is φ = 0, is applied on the free surface of the tank problem.
Physically, acoustic waves generated by the transducers on the tank bottom are reflected from all tank walls, both wafer surfaces, and the free surface. However, there is an essential difference between wall reflection and free surface reflection. At a high impedance wall, the incoming wave and reflected waves satisfy an optical reflection law, such that the wave pressure at the wall is doubled. At a free surface, a pressure release boundary condition (static pressure or a zero wave pressure) indicates the cancellation between the incoming and reflected waves. Here, the reflected wave has a phase difference of π from the incoming wave.
A SPECTRAL GREEN'S FUNCTION METHOD FOR SOLVING WAVE PROBLEMS
The Green's functions of Helmholtz equations are spherical and cylindrical waves of variable frequency. [9] [10] The Green's function approach we adopted is a direct method for solving wave problems.
Spherical and Cylindrical Waves from Helmholtz Equation
The free space Green's function G for a three-dimensional Helmholtz equation is the spherical wave. It satisfies the equation Integration the spherical free-space Green's function G along the y′ axis from -∞ to +∞ yields a free-space cylindrical wave function G 2 .
[9] G 2 is proportional to a zero-order
Hankel function of the second kind a complex function in the Bessel function family. 
Potential Function and The Green's Identity
The well-known Green's Identity can be used to construct solutions of the Helmholtz equation based on boundary information. It indicates that an elliptical potential function, φ (x, y, z), within an enclosure is determined uniquely by the values of the Green's function G, potential function φ, and both of their outward normal derivatives at the enclosure surface provided that G and φ are differentiable inside the region and at the boundary S. α φ(x, y, z) = α = σ /4π or σ /2π, for three-and two-dimensional case, respectively. α = 1, (x, y, z) inside the region, since σ = 2π or 4π.
where α is a parameter, σ is solid angle 2 from point (x, y, z) to enclosure boundary S, n is the unit outer-normal vector to S, and the gradient operator, ∇′, is taken at x′, y′, z′. Thus, to obtain the potential function at a field point, the values of the Green's function, the potential function, φ , which represents pressure, and their normal derivatives, ∂φ/∂n , which represents normal velocity, are needed on all bounding surfaces. According to the present boundary conditions, Green's integral has a nonzero first term, φ ∂G/∂n, only on a solid wall and a nonzero second term, G∂φ/∂n , only on a free surface, but these values of φ at each wall and ∂φ/∂n at the free surface are not known a priori. To overcome this difficulty we will split the solution into primary and secondary components that together satisfy all of the boundary conditions. As explained immediately below, the primary wave field driven by the acoustic transducers is constructed first using only conditions on the tank floor. The boundary conditions on all other surfaces are later satisfied through construction of the secondary wave field.
Primary Wave field and Half Space Green's Function
Suppose that the acoustic source is distributed on a part s 1 (here, the transducer surface) of the z′ = 0 plane, while the rest of z′ = 0 is a solid wall or rigid baffle. The Green's function for this half-space geometry can be constructed from two equal-strength spherical sources located at (x′, y′, ±z′) as z′ → 0. Then the primary field can be found by the Green's identity of this half-space Green' function, in which the integration is needed only on the transducer surface.
This new Green's function is 2 In fact, σ = − ∫ s ∇′(1/R)•nds and σ = ∫ s ∇′(ln r)•ndl are the solid angles in three-and two-dimensional cases, respectively, for any S. They can easily be seen when S is a spherical surface or a circle. 
The normal derivative of this Green's function with respect to z ′ will not be zero at any field point location z for source location with z′ ≠ 0. Only when the vertical distance between these two sources vanishes, z′→ 0, R 1 = R 2 = R, the two sources form a new source on the symmetry plane z′ = 0 such that the normal derivative is zero in this plane of symmetry. This is defined as the half space Green's function G h because it satisfies the half space boundary condition, ∂G h /∂z′ = 0 at z′ = 0 .
Similarly, the half-space Green's function for the two-dimensional Helmholtz equation is
When applying this half-space Green's function to Green's Identity, the enclosure surface includes z = 0 and a far-field surface extended to infinity, whereon φ and its normal derivative vanish due to the very large distance R from the source. In fact, the farfield surface can be considered a half-spherical surface of R, and then the integration will become: 2πR ) makes the far field integration vanish, so the reduced potential function φ 2 for a half-space problem satisfies the following equation
in which s 1 (x′, y′)=0 is the planar surface containing the acoustic source. This expression is used in this work to construct the two-dimensional primary wave field without considering wave reflections.
If the known boundary condition at a flat piston transducer is pressure instead of velocity, the appropriate half-space Green's function can be derived by combining a pair of freespace Green's functions having equal strengths but opposite signs. It follows that 
Reflected Wave field and Free Space Green's Function
The primary waves of the preceding section are reflected at all boundaries to produce secondary waves. The sum of these two fields, primary and reflected, will be used here to represent the total wave field with the understanding that higher-order reflections may also contribute, particularly in narrow enclosures where divergence effects are small.
Knowledge of the incident primary wave field on each boundary provides all the
( ) n information needed to compute the secondary field from the free-space Green's function and Green's Identity.
where G is the free space Green's function, and S is the entire enclosure boundary including every wall and free surface. Note that in the two dimensional case, φ = φ 2 , and
BOUNDARY VALUE PROBLEMS FOR PRIMARY AND REFLECTED ACOUSTIC WAVES
Let the reduced potential function φ be the summation of the primary field,φ P, and the reflected field, φ R . The boundary conditions for each of these components are determined by the boundary conditions for the total field and by the reflective properties of the surface. The resulting boundary value problems may thus be described as follows:
Helmholtz equation,
where φ φ φ = +
P R
At a rigid wall,
Since there is assumed to be no displacement at these rigid walls, the normal velocity of reflected wave just offsets the normal velocity induced by the primary wave field. Since the waves have equal magnitudes but opposite signs, the pressure of the reflected wave is equal to the pressure of the primary wave, so the resulting total pressure is twice the incident pressure. In the special case of the tank bottom, there is no first reflection because the spherical or cylindrical wave beams emitted from the source are coincident with the bottom surface.
At a free surface,
At the free surface, the total pressure in the bath liquid must always remain equal to the ambient atmospheric pressure. Because of the anti-symmetry of the reflection law, the equal but opposite wave pressures cancel each other and produce a doubling of the fluid velocity.
In summary, the primary wave field and the first reflected wave field are constructed sequentially using Green's identity. The half-space Green's function is first used to construct the primary field driven by the transducer. These results, the boundary conditions at reflective surfaces, and the free-space Green's function are then used to construct the reflected field. In this manner all of the boundary conditions are satisfied without any need for iteration. This approach avoids the necessity of solving a large and often ill-posed set of simultaneous algebraic equations in a conventional BEM.
PROCEDURE FOR SOLVING PRIMARY AND REFLECTED WAVE FIELDS
The computational procedure is straightforward. First, we calculate the primary wave field φ P excited by the transducer surface using the half-space Green's function. At each of the interior or boundary points of interest, we replace the Green's integral representation by a summation over a series of discrete elements representing the surface of the acoustic driver. Second, we use computed values of the primary field and its values on the boundary surfaces to set up boundary conditions for the first reflected wave field φ R on all walls and free surfaces (only for tank problem). Third, calculate the reflected wave field φ R using the free-space Green's function. In this calculation, the Green's integral representation is replaced by a summation over all of the discrete elements on all reflective and or free surfaces. Finally, calculate the total wave field by summation of the primary and reflected wave fields. This summation need only be performed at points of interest, such as the front wafer face. However, in the present test calculations we have computed the wave field throughout the interior. 
Interaction Between the Wafer and Acoustic Waves in the Tank
When the wafer is absent, the acoustic waves in the development tank can be readily computed using the described Green's function approach. This case also served as a convenient test problem, since the solution can also be constructed by summation of mirror images. It is difficult, however, to apply the mirror images technique when the wafer is present or the tank is three-dimensional. The situation becomes complicated when the wafer is involved. Assuming that waves cannot penetrate the rigid wafer, they are fully reflected, doubling the pressure on all parts exposed to the primary field. Depending on the wafer orientation, the pressures on the opposing faces may be entirely different.
Shadow Region in Primary Wave Field
A shadow region is defined as any region that cannot be directly reached by primary wave beams. Without loss of generality we assume that the active transducer is on the left side of the tank and that the wafer is at an angle θ to the tank bottom. If the wafer is positioned at an angle greater then 90° clockwise from the tank bottom, there is a shadow region behind the wafer for wave beams emitted from each source point X′ on the transducer (the left sketch in Figure 4) . Similarly, if the wafer is at an angle less then 90°, there is a shadow region in front of the wafer for each source point X′ on the transducer (the right sketch in Figure 4 ). These shadow regions can be reached only by reflected acoustic waves, not by primary waves.
Thus, when a wafer is present, the procedure for calculation of the primary wave field must take into account the presence of shadow region associated with each source point on the transducer.
Boundary of Dependence in Reflected Wave Field
Similarly, waves reflected from some boundary segments may not have a direct path to a field point under consideration. Thus, in summing the reflected wave contributions to
Green's integral at a particular point, we include only those boundary segments having a direct line of sight. This collection of boundary segments, which may include wafer surfaces, tank surfaces, and free surfaces, is referred to as the boundary of dependence.
Obviously, only one side of the wafer can be seen by any field point. For comparison, an example of mid-low wave frequency, 37.5 kHz, is also calculated.
Since the wavelength is longer at lower frequencies, good resolution is obtained using100 nodes along each side of the tank and 50 nodes on each side of the wafer. 
Mid-Low Frequency Examples
Compared to a few hundreds hertz, 37.5 kHz is a relatively high frequency; however, it is a mid-low frequency relative to megahertz. Figure 6 presents the pressure wave pattern in the tank without a wafer, resulting from the agitation at 37.5 kHz (wavelength 4 cm).
The acoustic source is located at the tank bottom where the negative peak (in blue) can be seen in the first figure. The first three contour plots and the next three surface plots show the primary, reflected, and total wave fields, respectively. Since the height of the tank is 0.20 cm, five cylindrical waves of the primary field are spaced evenly from the tank bottom to the free surface with their peaks attenuated with range (in Figure 6a) . As indicated in a later discussion section, the near wave field lies within about 0.64 cm off the acoustic source, so most of the wave field of interest may be viewed as the far field.
In the reflected and total fields, again five waves can be identified. Reflection at the right sidewall far from the source is weak. The strong reflection from the free surface interacting with the reflections from both sidewall results in multiple peaks in each wave front. The total field, which is a summation of the primary and the reflected fields, is not everywhere stronger than the primary field due to some wave cancellations. The total field remains strong at its multiple peaks, especially at the upper left corner due to the overlap of reflections from the free surface and the left sidewall. From the three surface plots in which the tank bottom is the upper left boundary, the peaks are clearly seen, and the waves at the right sidewall (lower left boundary) and the free surface (lower right boundary) are obvious. Comparing these three surface plots, it is seen that the sidewall pressure of the primary field is equal exactly to that of the reflected field, doubling the pressure of the total wave field. Similarly, boundary conditions at the free surface shows that the primary wave pressure is exactly equal but opposite to the reflected wave pressure, making the zero pressure wave of total field.
The amplitude of the wave pressure is proportional to the magnitude of the source disturbance velocity u 0 . As seen in the total field, the third contour or the third surface plot of Figure 6 , the maximum rms wave pressure near the bottom source is 872 Pa while the rms pressure near the upper left corner is 540 Pa for u 0 = 0.001 m/s, and they will be 1.7 atm and 1.07 atm for u 0 = 0.2 m/s, respectively, which is estimated as the normal operation condition at a power input of about 6 W/m 2 .
[1] Therefore, even for agitation at mid-low frequency, the pressure disturbance can be more than atmospheric pressure (the total peak pressure will be more than 2 atm) at this operation condition. Thus, it can be expected that very high wave pressure will be achieved in high frequency agitation. Figure 7 presents contour plots of the pressure wave pattern surrounding a wafer immersed in a tank with all other conditions the same as in Figure 6 . The primary wave field has a shadow region that cannot be reached by direct wave beams. The reflected wave field is strong at the left upper half of the tank because of the interaction among reflected waves from the free surface, wafer and from the left sidewall. The shadow region of the primary field is filled with weak waves reflected from the right sidewall and from the free surface. Compared to the case having no wafer, the maximum total wave pressure is no stronger, but the waves amplitude is greater in the left half of the tank.
Obviously, the left surface of the wafer that faces the acoustic source will get substantial agitation, but the right surface will not.
High Frequency Examples
Figure 8 presents contour plots of the primary, reflected, and total wave fields for the 750 kHz case (without wafer). To our surprise, wave peaks are focused in a narrow region just above the acoustic source in all three fields. In the primary field, 100 waves are spread from the tank bottom to the free surface. Even at the one-inch width of the source, twelve waves are generated, which can also be identified at the far side of the surface plot ( figure 9 ). Multiple waves in a row (twelve thin waves) are generated from the source (near field is within 0.32 mm, discussed later). When propagating upward, these very narrow waves interact with each other (transition region) and merge rapidly into a singles, wider wave (far field), which maintains a single-peak form with only minor divergence up to the free surface. This is a distinguishing feature of the high frequency waves; a wave train forms just above the source and propagates almost without divergence or decay. Outside of this wave train, there are many cylindrical wave beam rays expanding outward from the source in all directions but with substantially less intensity; there can also be seen in the surface plot. The reflected field plot in the center of Figure 8 indicates that the major reflection is occurring at the free surface due to the local doubling of velocity. The colors in the reflected field have been adjusted by lowering the maximum contour values by one half to show more clearly the reflections from the free surface. The total field has a uniform wave train and is not very much stronger than the primary field due to the waves cancellation. There are secondary waves at both sides of the wave train, which can be seen in figure 9 (orientation different from contour plot, tank bottom is at the upper left).
Here, as in Figure 8 , multiple waves of narrow breath are emitted from the source and rapidly merge to form a wave train does not decay with range as in the mid-low frequency case. The surface plot also shows the much weaker waves outside the wave train, weak group-waves at the sidewall boundary, and zero wave pressure at the free surface. 
Comparison with Experimental Data
Acoustic power intensity [12] inside a LIGA development tank (without a wafer) were measured by D. Larsen and M. Bankert [13] . The power intensity, I, is proportional to the square of the rms wave pressure. The measured positions generally include several locations along five rows in a particular horizontal plane, as shown in Figure 10 . The High Frequency Examples with a Wafer Figure 12 presents the contour plots of the primary, reflected, and total wave fields when a wafer is immersed in the tank with all other conditions the same as in Figure 8 . Primary acoustic waves impinge upon the left surface of the wafer, while the back face lies with a shadow region. The reflected wave field is again strong at the left upper half of the tank because of the interaction among reflected waves from the free surface, the wafer, and the left sidewall. The waves reflected from the sidewalls are too weak to see except at the upper right corner where some waves reflected from the free surface and from the right sidewall can be identified. Compared to the case without wafer, the maximum total wave pressure is not necessarily stronger, except in the left upper quarter due to the wafer.
Again, the left surface of the wafer facing the acoustic source will get much more agitation than the right surface and this agitation is much stronger than in mid-low frequency case. Figure 13 depicts the total field for a case in which wafer does not interact directly with the primary wave train due to its orientation. In this case, there is no substantial agitation on either wafer face, even though the maximum pressure is at the same level as in Figure 8 . Only a narrow triangular region at the left end of the wafer surface is filled by relatively weak waves reflected from the free surface. In summary, high-frequency waves have very different effects on the wafer than the midlow frequency waves. Because the wave train is limited to a narrow region above the source location, the enhancement of the wafer development process by high frequency agitation depends strongly on the orientation of the wafer and the location of the wafer relative to the acoustic source. In general, vertical immersion of a wafer is less efficient in high frequency agitation than in a mid-low frequency agitation. Since each of the transducer groups at the tank bottom is activated in sequence, there is simply no effect on one side of the wafer when the active transducer strips face the other side. On the contrary, in a mid-low frequency agitation, the acoustic energy will spread to a wider fanshaped area that reaches at least one side of the wafer. However, for the same power level, lower frequencies are more likely to produce acoustic bubbles that damage fragile features. Thus, to take best advantage of high frequency agitation, the wafer needs to be arranged such that it spends the maximum possible time facing the focused wave region of a sequentially active transducer environment.
DISCUSSION 1. ASYMPTOTIC CYLINDRICAL WAVES IN THE FAR WAVE FIELD
In this section, we will discuss the near and far field character of both mid-low and the high frequency waves. To exclude other factors, only the primary wave field is investigated. The high frequency around 1 megahertz is of primary interest, and the midlow frequency around 30-40 kilohertz is considered for comparison. The corresponding wavelengths here are around 1.5 mm and 4 cm for high and mid-low frequency, respectively. As already mentioned, 30-40 kilohertz may be considered a high frequency for many other applications.
The reduced potential function of cylindrical waves is a function of phase angle kr. As kr becomes very large, kr » 1, an asymptotic expansion of the Hankel function [11] leads to an asymptotic expression for the reduced potential function of the primary field, φ p (x, z),
where S 1 is located at z = 0 with a finite width of acoustic source, n = −z'. Both of the above equations are valid in the far field region as r » 1 / k = λ / (2π). 1 / k is 0.32 mm for the 750 kHz-frequency waves, and is 0.64 cm for the 37.5 kHz-frequency waves.
Therefore, the near field regions are all very small and the wafer resides well within in the far field region for both frequencies.
From the above asymptotic expressions, the cylindrical wave is simply a wave of e -ikr in the far field, so the amplitude of φ, decays as (kr) -1/2 . Therefore, the amplitude of the reduced potential is generally smaller for a high frequency wave than for a wave with a lower frequency in the far field due to this factor of k -1/2 , and the wave-pressure ratio of the two waves is not simply the same as their wave-frequency ratio.
DISCUSSION 2. FOCUSED HIGH FREQUENCY WAVES AND STATIONARY PHASE
Unlike in low frequency waves, high frequency waves form a narrow wave train vertically above the exciting surface. The following derivation helps to explain this behavior in terms of the conventional concept of stationary phase that applies for extremely large value of phase angle kr.
The exponential function in the integral of φ p (x, z) changes value rapidly when kr is extremely large. Certainly this is not the case for mid-low frequency waves, but it is true of high frequency waves. In this case, the main contribution to the integral comes from the region where the phase change is zero, that is, the stationary phase domain. To find stationary phase region, it follows from ∂e construct the primary wave field, and the free space Green's function is used to construct the reflected wave field. The total wave field in a single feature cavity is then computed as the summation of the primary and the reflected wave fields.
In the early stage when the cavity is very shallow, the agitation is very effective since there are almost no obstacles to block primary wave beams. However, as the depth of the cavity increases, primary waves may no longer reach the entire cavity surface. Depending on the orientation of the wafer relative to the acoustic source, part of the cavity will be in the shadow region of the primary wave field unless the primary wave beams are about parallel to the sidewalls of the cavity. The shadow region can only be filled by the reflected waves, including not only the first reflections but also the subsequent reflected waves. Because the width of the cavity is generally much smaller than the acoustic wavelength, the series of reflected waves hardly decay between reflections. In this work, only the first reflected waves are included with the understanding that subsequent reflections may contribute substantially to the total field.
Wave reflection within the cavity is considered at every wall of the cavity and at the wafer surface, but the tank walls are too distant to be included. The dependence of boundary for a field point inside the cavity is much simpler than in the tank problem, for it will always include the cavity bottom and sidewalls.
Example: Pressure Waves in a Slender Cavity for a favorable case
Figures 15 gives the layout of a wafer in a tank, and the location of a feature cavity on the wafer face. Figure 16 shows the root mean square (rms) wave pressure in the feature cavity for the primary, reflected, and the total wave fields, respectively, for 750 kHz agitation. The single feature is selected as a 50 µm × 400 µm cavity (aspect ratio 8) with its mouth located at the wafer center. The wafer is at a 29.8-degree angle to the tank bottom, almost perpendicular to the line extended from the wafer center to the acoustic source. At this angle the cavity bottom can "see" almost the entire acoustic source, so the primary waves from the acoustic source (at 0.052 m to 0.076 m on tank bottom) will fill most of the cavity.
The shadow region in the primary field is very narrow and can be identified on the left of line L 2 , where L 2 is the wave beam emitted from the very right end of the acoustic source.
L 1 is the wave beam emitted from the very left end of the acoustic source, and it reaches the cavity right wall at about its 2/3 length. In the fan shaped region between these two lines (L 1 and L 2 ), there is a complicated interference-wave-pattern produced by the crossing of primary waves near the left corner of the cavity mouth. Note that the blue region to the right of line L 2 of the primary field has essentially the same rms pressure as the wafer face outside the cavity. This pressure is relatively low because the cavity is located neither right above the acoustic source (layout in Figure 15 ) nor at the local wave peaks (Figure 17 ).
The reflected waves in the cavity are emitted from the cavity right-wall, most of the cavity bottom wall, and the left corner of the cavity mouth. Because the cavity width and depth are all smaller than the wavelength, there is no wave cancellation and the superposition of reflected waves results in a great enhancement of the wave pressure  a wave trapping phenomena. Thus, the magnitude of the resulting total pressure field is Figure 17 shows the primary, reflected, and the total pressure wave fields in the liquid adjacent to the wafer face. Note that the area covered in Figure 17 is the small rectangular area in the circled region just beneath the wafer (the blue area in Figure 15 ). The angle between primary waves and those reflected waves from the wafer is small due to the 33in the primary field.
Despite the relatively low primary pressure of 0.13 atm at the feature mouth in Figure 16 and 17, reflections within the cavity can produce remarkably large rms pressures. For a 0.2 m/s disturbance velocity at the transducer surface, the maximum rms pressure in Figure 16 is as high as 0.88 atm at left corner of cavity mouth, much stronger than the pressure immediately outside the cavity mouth, and double the maximum pressure in the tank, 0.42 atm. This is because that at that corner point, convergent primary waves overlap with reflected waves from all cavity walls. Since these large pressures imply large fluid velocities, acoustic agitation may provide considerable benefit even for features well outside the primary focused wave train. Figure 18 gives the total wave pressure field of this case. Note that the contour plots in this figure describe the instantaneous pressure amplitude instead of rms wave pressure. Figure 19 shows the primary, reflected, and total wave fields in the region around the feature. Because of the wafer orientation, the total field has more peaks at each wave front than seen earlier in Figure 17 . The reason for this is that the angle between the primary and reflected waves is larger than in the previous case, so the resulting interactions create more peaks in the direction perpendicular to the wave travel. 
Example: Pressure Waves in a Short Cavity
To see how the aspect ratio of a cavity will influence the internal wave pressure, a shorter cavity (same width and half-depth) with the same wafer orientation (41.5 degree) and acoustic source is investigated. Figure 20 gives the total pressure field in the short cavity.
It is seen that the wave pattern in the cavity is almost the same as that in the slender cavity except that the fractional area of the shadow region is much smaller than before.
Therefore, even though the cavity bottom cannot "see" the acoustic source, the reflected waves are stronger than that in the slender cavity. The maximum wave pressure on the right wall is 0.42 atm for the total field. This is almost the same as the maximum wave pressure in the tank and more than double the maximum pressure of the slender cavity.
In the three preceding examples, the feature Second reflections are weaker yet, and so on. In the feature-scale problem, however, the first reflected wave field and the subsequent reflected fields can be almost as strong as the primary wave field, since the cavity is much smaller than a megasonic wavelength.
Here, the second reflected wave field and beyond may make important contributions to the total wave pressure. These currently neglected higher-order reflections can only add to the wave energy of the current lower bound estimates.
The results of the calculations provide valuable physical insights which were previously unknown to us. In contrast to the divergence of low frequency waves, megasonic waves are characterized by a narrowly focused wave train just above the acoustic source. This numerical expectation was verified analytically and recently confirmed by experimental data obtained by the Sandia LIGA Group. [13] As a result, the LIGA development process will be greatly accelerated, if the orientation and location of the immersed wafer are arranged so that the wafer spends more time in a focused high frequency wave field.
Thus, a vertically submerged wafer may not be the best choice when the driving transducers are mounted in the tank floor. Perhaps, this is the reason why German workers have arranged sidewall acoustic sources in a tank for a vertically submerged wafer. On the other hand, a lower agitation frequency may alternatively be used to produce a broader but weaker wave field. However, care must be taken in reducing the frequency since this allows more time for the growth of acoustic bubbles that may damage fragile features. Another possible approach is the alteration of transducer duty cycles or the use of baffles to better focus the wave energy of all transducers onto the wafer face. More work needs to be done to determine the wafer orientations that will produce optimal results. The tools developed here will be used to investigate these alternative pathways toward improvement of LIGA development.
In this work we have assumed that the wafer is rigid, permitting wave reflections but no transmission. However, the importance of wave transmission has been recently demonstrated by Forschungzentrum Karlsruhe, using back-side impingement of acoustic waves to enhance development, we intend to next investigate the acoustic response of an elastic wafer.
